Covalently grafted Kolliphor®EL (a poly-ethylene-glycol based "transporter molecule" for hydrophobic water-insoluble drugs; MW ca. 2486; diameter ca. 3-5 nm) at the surface of a glassy carbon electrode strongly affects the rate of electron transfer for aqueous redox systems such as Fe (CN)6 3-/4-. XPS data confirm mono-layer grafting after electrochemical anodisation in pure Kolliphor®EL. Based on voltammetry and impedance measurements, the charge transfer process for the Fe(CN)6 3-/4-probe molecule is completely blocked after Kolliphor®EL grafting and in the absence of a "guest". However, in the presence of low concentrations of suitable ferrocene derivatives as "guests", mediated electron transfer across the mono-layer via a "shuttle mechanism" is observed. The resulting amplification of the ferrocene electroanalytical signal is investigated systematically and compared for 5 ferrocene derivatives. The low concentration electron shuttle efficiency decreases in the sequence dimethylaminomethyl-ferrocene > n-butyl-ferrocene > ferrocene-dimethanol > ferrocene-acetonitrile > ferrocene-acetic acid.
Introduction
Surface modified electrodes are widely used in sensors 1 and in film electrodes. 2, 3, 4 Covalent grafting of a mono-layer onto carbon electrode surfaces can be achieved by diazonium methods, 5, 6 by "click" chemistry, 7 by amide chemical attachment, 8 or by many other similar processes. 9 The electrochemical surface modification offers the advantage (over chemical processes) of potential control and optimization to achieve a well-defined mono-layer coverage. A wide range of often radical-based intermediates are known to attach spontaneously to carbon electrode surfaces. 10, 11 We have recently adapted a methodology introduced by Maeda and coworkers 12, 13 to attach poly(ethylene-glycol) (or PEG) derivatives to glassy carbon and boron-doped diamond electrode surfaces. 14 An anodic treatment was developed to allow monolayer attachment of PEGs with a resulting structure-dependent retardation of the rate of heterogeneous electron transfer. In this study a pegylated castor oil derivative, Kolliphor®EL (CAS number 61791-12-6, MW ca. 2486 g mol -1 ; see Figure 1 ) is selected to demonstrate this anodic grafting process for a more complex molecule. For pegylated molecules like Kolliphor®EL the hydroxyl end groups are sensitive to oxidation with radical intermediates likely to bind to the carbon electrode surface. 15 Kolliphor®EL (see Figure 1 ) as a pegylated castor oil derivative is often employed as medicinal additive or "drug carrier" reagent 16 to allow water-insoluble drug molecules to be "solubilized" and carried to the location of action. Based on this, it could introduce interesting new properties (with a hydrophobic layer, Figure 1C ) to the modified carbon electrode surface. Similarly, pegylation is widely used to impose hydrophilic character to surfaces, particles, and molecules. 17 In this study the Kolliphor®EL surface layer is employed (i) as a barrier to electron transfer and (ii) as a host film to allow hydrophobic reagents to bind and enhance or "amplify" interfacial electron transfer.
Amplification of electroanalytical signals is often desirable and possible, for example, by (i) direct feedback in generator-collector electrode devices 18 and (ii) in catalytic processes where an enzyme 19 or nano-particle catalyst 20 is employed to enhance the analytical response. Here, amplification is achieved simply based on a difference in the rate of heterogeneous electron transfer for two redox systems. Figure 2 shows a schematic drawing of the electrode surface with a layer of Kolliphor®EL immobilized. The direct electron transfer to the Fe(CN)6 3-/4-redox system is suppressed, but the presence of a "shuttle" molecule such as ferrocene (Fc) can be employed to "restore" electron transfer. Very low concentrations of ferrocene can therefore be detected as relatively large "amplified" currents. 
Experimental

Chemical Reagents
Kolliphor®EL (CAS number 61791-12-6; MW ca. 2450 g mol -1 ; previously also known as Chremophor EL; Aldrich) is a pegylated castor oil derivative ( Figure 1 ). using Shirley background subtraction. Peaks were referenced to the adventitious carbon C1s peak (284.6 eV) and peak areas were normalized to the photoelectron cross-section of the F1s photoelectron signal using atomic sensitivity factors. O1s signals suggests that trace water is present within the interface, which is to be expected as water binds strongly to PEG. XPS data are summarized in Table 1 .
Variation between samples K1 and K2 suggest some position dependence and/or sample-to-sample variability. Key changes in comparison to the bare glassy carbon surface are (i) an increase in O1s/C1s ratio mainly due to C-O, (ii) and increase in C1s for C-O, and (iii) an increase in O1s for C-O. 
Results and Discussion
Kolliphor®EL Grafting Affects Heterogeneous Electron Transfer Kinetics
Kolliphor®EL is medicinal formulation additive and a "transporter" molecule for drugs and poorly water-soluble materials. 16 It is employed here when grafted as a mono-layer directly onto glassy carbon electrode surfaces. Although only mono-layer deposition occurs, a dramatic effect of this surface modification is detected on the heterogeneous electron transfer for the Fe(CN)6 3-/4-redox system (equation 1).
This redox system is often employed to probe surface modification effects 24 and here it is shown to be highly sensitive to Kolliphor®EL grafts. Figure 4A displays cyclic voltammetry data first for the unmodified glassy carbon electrode and then for the Kolliphor®EL modified electrode. The heterogeneous electron transfer to Fe(CN)6
3-/4-is close to completely suppressed within the potential range investigated here. The approximate diameter of the Kolliphor®EL molecules is 1 nm (see Figure 1 ), which appears to be sufficient to essentially "switch off" the heterogeneous electron transfer.
A gentle polish is sufficient to reverse the effect. For the Kolliphor®EL modified electrode the impedance response is associated mainly with capacitive charging (see Figure 4B ) with Rsol and C values similar to those for the unmodified electrode. However, a good fit was not possible. This is believed to be due to low frequency data revealing additional complexity, which could be due to some remaining porosity in the grafted layer and associated with some electron transfer at frequencies below 1 Hz. In summary, the Kolliphor®EL grafting strongly suppresses electron transfer to Fe(CN)6 3-/4-and it is now possible to introduce "guest molecules" to explore "shuttle" effects and changes in electron transfer.
Kolliphor®EL Grafting Affecting Heterogeneous Electron Transfer Kinetics: Ferrocene Mediators
In contrast to the dramatic change in the rate of heterogeneous electron transfer The "electron shuttle" effect is seen also in the impedance data ( Figure 5B) , where a significant change in the lower frequency range (below 10 Hz) is consistent with the flow of Faradaic current catalyzed by the ferrocene-dimethanol mediator. Figure 5C shows two sets of experimental (dots) impedance data with simulation data (line), which will be discussed below.
When employing ferrocene-acetonitrile as the "electron shuttle" (see Figure 6A ), a similar change in the cyclic voltammetry peak current is observed. However, the peak currents for oxidation ( Figure 6A ) appear lower compared to data in Figure 5A with less cathodic current observed on the reverse scan. be seen that for all ferrocene derivatives a higher E0 (consistent with less driving force for reduction) makes the "amplification" process asymmetric with less driving force for the cathodic signal. The magnitude of the anodic peak signal is likely to be correlated also to the peak-to-peak separation Ep (indicative slower electron transfer kinetics, see Table 2 ). Therefore, the lower mediated oxidation peaks for ferroceneacetonitrile ( Figure 6 ) and for ferrocene-acetic acid (Figure 7) , when comparing to other ferrocene derivatives, are likely to be linked here primarily to the slower kinetics of electron transfer (consistent with a wider peak-to-peak separation) limiting the electron shuttle rate. Next, ferrocene-acetic acid is employed as the "electron shuttle" (Figure 7 ) and similar trends are observed. However, the suppression of the oxidation peaks is more pronounced. Based on data in Table 2 very similar behavior for ferrocene-acetonitrile and ferrocene-acetic acid could be predicted, but additional electrostatic repulsion (at neutral pH) of the negatively charged ferrocene-acetate and the Fe(CN)6 3-/4-redox system is likely to further limit the "electron shuttle" efficiency. The impedance at the equilibrium potential shows very similar features compared to the data for ferroceneacetonitrile with somewhat lower impedance for higher ferrocene mediator concentration. Voltammetric responses shown in in Figure 8A are consistent with redox mediator activity but with an additional shift in the response and a high peak current at 50 M dimethylaminomethyl-ferrocene concentration. Voltammetric data in Table 2 suggests that dimethylaminomethyl-ferrocene should be similar in reactivity when compared to ferrocene-dimethanol and therefore the additional anodic current (and the unusually sharp peak shape) may be associated with additional complexity, e.g. favorable interaction with the modified surface or between cationic dimethylaminomethylferrocene and Fe(CN)6 3-/4-at the electrode surface. Finally, butyl-ferrocene is employed as "electron shuttle" (Figure 9 ) and similar trends are observed. The solubility of butyl-ferrocene in the aqueous phase is low and at 50 M nominal concentration clearly additional anodic activity is seen in Figure 9A (a sharp peak) due to aggregation at the electrode surface. It is likely that at lower butyl-ferrocene concentration accumulation of the more lipophilic redox probe into the Kolliphor®EL film occurs to further aid the "electron shuttle" process. Based on the qualitative comparison of "electron shuttle" efficiency, it appears likely that improved mediator effects are linked to (i) ferrocene derivatives with higher rate of electron transfer across the Kolliphor®EL layer and (ii) ferrocene derivatives with the ability to bind or aggregate at the Kolliphor®EL surface. A more detailed investigation of the underlying mechanism is presented next.
Kolliphor®EL Grafting Affecting Heterogeneous Electron Transfer Kinetics: Mechanism
The equivalent circuit describing the "electron shuttle" mechanism reasonably closely is shown in Figure 10 Finally, the effect of the Fe(CN)6 3-/4-redox system in the aqueous phase is assessed. 
Conclusion
Kolliphor®EL has been shown to form mono-layer films on glassy carbon when an anodic grafting protocol is applied. Given the ability of Kolliphor®EL to carry guest species, it is shown here for the first time that guest ferrocene derivatives can be employed to transport electrons across the Kolliphor®EL mono-layer. In future, a wider range of "electron shuttle" systems could be evaluated in particular with the aim of detecting very low concentrations of redox-active molecules (drugs, bio-markers, pollutants). It will be interesting to explore lower concentrations and more hydrophobic mediator systems.
